Mitochondria have emerged as central regulators of apoptosis. Here, we show that TID1, a human homolog of the Drosophila tumor suppressor lethal (2) tumorous imaginal discs, l(2)tid, encodes two mitochondrial matrix proteins, designated hTid-1 L and hTid-1 S . These splice variants are both highly conserved members of the DnaJ family of proteins, which regulate the activity of and confer substrate specificity to Hsp70 proteins. Both hTid-1 L and hTid-1 S coimmunoprecipitate with mitochondrial Hsp70. Expression of hTid-1 L or hTid-1 S have no apparent capacity to induce apoptosis but have opposing effects on apoptosis induced by exogenous stimuli. Expression of hTid-1 L increases apoptosis induced by both the DNA-damaging agent mitomycin c and tumor necrosis factor ␣. This activity is J domain-dependent, because a J domain mutant of hTid-1 L can dominantly suppress apoptosis. In sharp contrast, expression of hTid-1 S suppresses apoptosis, whereas expression of a J domain mutant of hTid-1 S increases apoptosis. Hence, we propose that TID1 gene products act to positively and negatively modulate apoptotic signal transduction or effector structures within the mitochondrial matrix.
The Drosophila l (2) tid gene has been classified as a tumor suppressor and encodes Tid56, a 56-kDa protein that is processed to a 50-kDa mitochondrial localized protein (1) (2) (3) . Null mutants of Tid56 exhibit a lethal phenotype in which cells of the imaginal discs fail to differentiate and grow into lethal tumors. TID1, a human homolog of l (2) tid, encodes hTid-1, a 52-kDa protein with strong homology to Tid56 (4) .
hTid-1 and Tid56 are members of the DnaJ family of proteins. DnaJ proteins act as cochaperones and specificity factors for DnaK proteins and their eukaryotic homologs, the Hsp70 family (5) (6) (7) (8) . This protein family is characterized by a J domain, a highly conserved tetrahelical domain that binds to Hsp70 chaperones and activates their ATPase activity. The canonical J domain protein, DnaJ, was cloned from Escherichia coli as a mutant that cannot support the replication of bacteriophage (9, 10) . DnaJ/Hsp70 systems are involved in protein folding (11) , protein degradation, assembly and disassembly of multiprotein complexes (7) , and translocation of proteins across membranes (12) .
The hyperproliferative phenotype of l (2) tid mutant embryos suggests that the Tid56 protein is involved in regulation of cell growth or death. Given the mitochondrial localization of Tid56 and the important role of mitochondria in regulating apoptosis (13, 14) , the tumorous imaginal discs phenotype may reflect a failure of imaginal disc cells to properly integrate stimuli of cell death and survival. Several mitochondrial activities have been implicated in transducing, amplifying, and repressing apoptotic signals, including the release of cytochrome c and ApoptosisInducing Factor from the mitochondrial intermembrane space, the production of reactive oxygen species, and the loss of inner membrane potential. In addition, mitochondrial localization is important for the function of many of the Bcl-2 family of apoptosis regulators.
Here, we report that TID1 encodes two mitochondrial matrix localized splice variants of 43 and 40 kDa, which we have named hTid-1 L and hTid-1 S , respectively. Both hTid-1 L and hTid-1 S retain their respective J domains and coimmunoprecipitate with mitochondrial Hsp70 (mtHsp70). Expression of these proteins does not induce apoptosis, but surprisingly, expression of each of the two splice variants has opposing effects on a cell's ability to respond to an exogenous apoptotic stimulus. hTid-1 L expression increases apoptosis triggered by both tumor necrosis factor ␣ (TNF␣) and the DNA-damaging agent mitomycin c (MMC). A J domain mutant of hTid-1 L is able to suppress apoptosis to levels well below control cells. In sharp contrast, hTid-1 S is able to suppress apoptosis, and a J domain mutant of hTid-1 S increases apoptosis. Expression of hTid-1 L and hTid-1 S affect cytochrome c release from the mitochondria and caspase 3 activation, both of which are downstream of the mitochondria in TNF␣ signaling. However, hTid-1 L and hTid-1 S do not affect the rate of caspase 8 activation, which is upstream of the mitochondria. Hence, hTid-1 L and hTid-1 S are two mitochondrial matrix-localized proteins that can regulate apoptotic signal transduction and may comprise a mechanism by which the mitochondria amplify or dampen apoptotic signals.
chrome oxidase subunit 1 (COx1)-and cytochrome oxidase subunit 2 (COx2)-specific mAbs were purchased from Molecular Probes (A-6405 and A-6404, respectively). The anticytochrome c mAbs (65981A) and pro-caspase 8 mAbs (66231A) were purchased from PharMingen. The anti-procaspase 3 mAbs (C31720) were purchased from Transduction Laboratories (Lexington, KY). The anti-mtHsp70 mAbs (MA3-028) were purchased from Affinity Bioreagents (Golden, CO). The anti-Hsc70 mAbs were purchased from StressGen (Victoria, Canada) (SPA815).
PCR Cloning of hTid-1 S . Primers of sequence 5Ј-cgagacagatgtggagggga-3Ј and 5Ј-gaataatttaaacacact-3Ј were used to amplify TID1-related sequences from a human fetal brain cDNA library (CLONTECH).
Subcellular and Submitochondrial Fractionation. For subcellular fractionation, SAOS-2 cells were trypsinized, washed in PBS, suspended in sucrose buffer (10 mM Tris⅐HCl pH 7.5/1 mM EDTA/0.25 M sucrose/1 g/ml each aprotinin and leupeptin/0.01% PMSF), and homogenized by 20 strokes of a Teflon tissue homogenizer (Glas-Col, Terre Haute, IN). Nuclei were pelleted at 500 ϫ g. Mitochondria were pelleted at 10,000 ϫ g. hTid-1, COx1, and cytochrome c were visualized by Western blot.
For proteinase protection assays, U2OS cells were trypsinized and homogenized in sucrose buffer, and mitochondria were isolated as described above. Mitochondrial pellet was resuspended in hypotonic buffer (5 mM Tris⅐HCl/5 mM KCl/ 1.5 mM MgCl 2 /0.1 mM EDTA/1 mM DTT, pH 7.4) for 20 minutes on ice. The sample was split into three fractions. The first fraction was left untreated. The second fraction was treated with proteinase K (50 g/ml) for 20 minutes on ice. PMSF (0.03%) and EGTA (1 mM) were added and the fraction was subjected to sonication for 90 seconds on ice in a Sonic Dismembranator 550 (Fisher Scientific). The third fraction was subjected to sonication and treated with proteinase K as described above. The three samples were then analyzed by using SDS/PAGE and immunoblot for the presence of hTid-1, COx2, and mtHsp70.
For digitonin extraction, SAOS-2 cells were trypsinized, washed in PBS, and resuspended in sucrose buffer, and mitochondria were isolated as described above. Mitochondria were resuspended in sucrose buffer containing the indicated concentration of digitonin (Sigma) for 1 minute on ice. Fractions were then diluted 1:5 and centrifuged for 15 minutes at 10,000 ϫ g. Pellets and supernatants were then analyzed by Western blot for the presence of hTid-1, COx1, and cytochrome c.
Immunoprecipitation. One 10-cm plate of SAOS-2 cells was trypsinized, washed in PBS, and lysed in 1% NP40/150 mM NaCl/50 mM Tris⅐HCl, pH 8.0/1 g/ml each aprotinin and leupeptin/0.01% PMSF on ice. The sample was split into four fractions and incubated for 1 hour with either anti-hTid-1, anti-mtHsp70, or anti-Hsc70 mAbs. Immune complexes were collected on protein G agarose beads (GIBCO) and washed three times in 0.1% NP40 lysis buffer. Samples were then separated by SDS/PAGE, transferred to poly(vinylidene difluoride) membrane, and probed with either anti-mtHsp70, anti-Hsc70, or anti-hTid-1 mAbs. Proteins were visualized by ECL (Amersham Pharmacia) by using x-ray film.
Apoptosis Assays. Inducible U2OS cells were induced with 1 M muristerone for 24 hours, or went uninduced and were treated with either the indicated concentration of mitomycin c (Sigma) for 24 hours or the indicated concentration of TNF␣ plus 30 g/ml cycloheximide. Cells were fixed by exposure to methanol vapor for 10 minutes followed by immersion in methanol for at least 10 minutes. Cells were stained with 1 g/ml Hoechst 33258 and 0.1% lowfat milk (Carnation) for 7 minutes and rinsed in water. Apoptotic nuclei were counted by using fluorescence microscopy. For transient-transfection experiments, U2OS cells were transfected by the calcium phosphate technique by using BES-buffered saline (15) . Six micrograms of the appropriate hTid-1 construct was transfected with 6 g of green fluorescent protein DNA. Twenty-four hours after transfection, Hoechst 33342 was added to the media at 1 g/ml final concentration for 7 minutes. Media was then slowly removed. Cells expressing green fluorescent protein were counted and scored for apoptotic nuclei.
Caspase Activation and Cytochrome c Release Assays. U2OS cells were induced for 24 hours with 1 M muristerone and treated for the indicated time with 10 ng/ml TNF␣ plus 30 g/ml cycloheximide. Cells were trypsinized, washed in PBS, and resuspended in lysis buffer (1% NP40/50 mM Tris⅐HCl/150 mM NaCl, pH 8.0/1 g/ml each aprotinin and leupeptin/0.01% PMSF), and protein concentration was analyzed by using the Bradford method (Bio-Rad). Sixty micrograms of total cell lysate was then analyzed by Western blot analysis using mAb specific for pro-caspase 3 and pro-caspase 8.
Caspase activity was measured by using fluorescent caspase 8 and caspase 3 activity assays (CLONTECH). Inducible U20S cells were induced with muristerone for 24 hours and treated with 10 ng/ml TNF␣ plus 30 g/ml cycloheximide for 4.5 hours. Cells were trypsinized, combined with apoptotic cells in the tissue-culture media, counted, and assayed for caspase activity by the manufacturer's protocol on a fluorescent plate reader (excitiation 380 nm, emission 530 nm). For caspase 8 activity, 1 ϫ 10 6 cells of each line were used, and for caspase 3 activity, 3.5 ϫ 10 5 cells of each line were used.
For cytochrome c release assays, U2OS cells were induced with muristerone for 24 hours and treated with 10 ng/ml TNF␣ plus 30 g/ml cycloheximide for 4.5 hours. Cells were then trypsinized, resuspended in sucrose buffer, homogenized in a Teflon tissue homogenizer, and centrifuged at 10,000 ϫ g for 10 minutes as described above. Postmitochondrial supernatant (100 g of protein) was then analyzed by Western blot analysis for the presence of cytoplasmic cytochrome c. Cytochrome c levels were quantitated by using NIH IMAGE software.
RESULTS AND DISCUSSION
TID1 Encodes Two Mitochondria-Localized Splice Variants, hTid-1 L and hTid-1 S . To detect endogenous TID1 related proteins, human osteosarcoma SAOS-2 cells were fractionated and analyzed by immunoblot by using hTid-1-specific mAbs. The major proteins detected by two independent mAbs, which we have named hTid-1 L and hTid-1 S , have apparent molecular masses of 43 kDa and 40 kDa, respectively. Both hTid-1 L and hTid-1 S fractionate with the mitochondrial proteins cytochrome c and COx1 (Fig. 1A) . This result is consistent with immunofluorescence and immunoelectron microscopy experiments, which show that like Tid56, TID1-encoded proteins colocalize with mitochondria (T.D.-M., J.S., M. Grace, L. Y. Lee, and K.M., unpublished data).
Evidence from expressed sequence tag database searches suggested that hTid-1 L and hTid-1 S may represent the protein products derived from two alternatively spliced mRNAs (4) . PCR analysis of a human embryonic brain-derived cDNA library revealed two TID1 cDNAs. The long form matched the TID1 cDNA originally cloned, whereas the shorter form represents the alternatively spliced form of TID1 predicted from analysis of the expressed sequence tag database. In the alternatively spliced cDNA, an exon encoding the carboxylterminal 33 aa and the stop codon from the original clone is replaced with an exon located within the 3Ј-untranslated region of the original clone that encodes 6 aa and a stop codon (Fig. 1B) . Expression of the originally published TID1 cDNA clone, including the 3Ј-untranslated region, leads to the production of both hTid-1 L and hTid-1 S (data not shown). Expression of a TID1 cDNA in which the 3Ј-untranslated region has been removed leads to the production of only the 43-kDa band, which comigrates with endogenous hTid-1 L on SDS/ To determine the submitochondrial localization of hTid-1 L and hTid-1 S , mitochondria were subjected to a proteinase protection assay. Mitochondria were swelled in hypotonic buffer, which causes the outer membrane to rupture, and then treated with proteinase K before or after sonication, which ruptures the inner membrane. The samples were then analyzed by immunoblotting for the presence of hTid-1, matrix-localized mtHsp70 and the mitochondrial inner membrane protein COx2 (Fig. 2A) . Addition of proteinase K before sonication left hTid-1 L , hTid-1 S , and mtHsp70 intact, but led to the proteolytic digestion of COx2, indicating that the intermembrane space was exposed to protease. Addition of proteinase K after sonication, however, led to complete proteolytic digestion of hTid-1 L , hTid-1 S , and mtHsp70. These results indicate that, like mtHsp70, hTid-1 L and hTid-1 S are mitochondrial matrix-localized proteins, because they are only vulnerable to proteinase after physical disruption of the inner mitochondrial membrane.
To confirm that hTid-1 L and hTid-1 S reside within the mitochondrial matrix, we extracted intermembrane proteins from isolated mitochondria with digitonin. Digitonin can selectively solubilize mitochondrial outer membranes while leaving inner membranes intact (17) . Mitochondria were incubated with increasing amounts of digitonin, centrifuged, and analyzed for the presence of hTid-1, cytochrome c, and COx1 in both the pellet and supernatant (Fig. 2B) . Cytochrome c levels in the supernatant increased with higher digitonin concentrations, as expected for an intermembrane space protein. The integral inner membrane protein COx1 was extracted only with the highest concentration of digitonin. In contrast, hTid-1 L and hTid-1 S were not efficiently extracted, even at the highest concentration, indicating that both hTid-1 L and hTid-1 S are protected by the digitonin-resistant inner mitochondrial membrane and thus reside in the mitochondrial matrix.
J domain proteins have been shown to interact with Hsp70-family proteins and activate their ATPase activity. Because hTid-1 proteins have extremely well conserved J domains, we suspected that they may be interacting with the mitochondrial Hsp70 homolog, mtHsp70 (GRP75), which is also localized to the mitochondrial matrix. We performed coimmunoprecipitation-immunoblot experiments by using mAbs specific for hTid-1, mtHsp70, or the constitutively expressed nonmitochondrial Hsp70 homolog Hsc70 as a control. hTid-1-specific mAbs immunoprecipitate endogenous hTid-1 L and hTid-1 S in complex with mtHsp70 from human U2OS cells. (Fig. 2C) . In contrast, Hsc70 did not coimmunoprecipitate with hTid-1 proteins. The reverse experiment shows that mtHsp70 specific mAbs immunoprecipitate mtHsp70 in complex with hTid-1 L and hTid-1 S . Hsc70 antibodies did not coimmunoprecipitate hTid-1 proteins. These results demonstrate that endogenous hTid-1 L and hTid-1 S interact specifically with a mitochondrial matrix-localized Hsp70 homolog and suggest that they may function as specificity factors in an Hsp70-like chaperone system in the mitochondrial matrix.
hTid-1 L and hTid-1 S Have Opposing Effects on Apoptosis. Mitochondria are central regulators and amplifiers of apoptotic signal transduction (13, 14, 18 ). On induction of apoptosis, mitochondria typically undergo a series of changes that are hallmarks of and functionally important for many forms of FIG. 1. TID1 encodes two mitochondrial localized proteins, hTid-1L and hTid-1S. (A) SAOS-2 cells were homogenized, and nuclei were pelleted at 500 ϫ g. Mitochondria were pelleted at 10,000 ϫ g. Supernatant, 500 ϫ g pellet, and 10,000 ϫ g pellet were analyzed by immunoblot for the presence of COx1, hTid-1, and cytochrome c. (B) hTid-1L and hTid-1S are splice variants of TID1. hTid-1L mRNA encodes a protein with a predicted molecular mass of 52 kDa, which is cleaved at its amino terminus to form hTid-1L. Mature hTid-1L migrates with an apparent molecular mass of 43 kDa on SDS/PAGE. hTid-1S is encoded by an mRNA in which an exon encoding the carboxyl-terminal 33 aa of hTid-1L is removed and replaced with an exon from the 3Ј-untranslated region of hTid-1L mRNA, which encodes 6 aa and a stop codon. hTid-1S mRNA encodes a protein with a predicted molecular weight of 49.5 kDa, which is cleaved at its amino terminus to form hTid-1S. (22, 23) from the mitochondrial intermembrane space, the production of a burst of reactive oxygen species, and a dramatic permeability transition of the mitochondrial inner membrane (13) . In addition, Bcl-2 and related apoptotic regulatory proteins localize to mitochondrial membranes and functionally regulate the mitochondrial permeability transition pore as well as cytochrome c release (20, 24, 25) . Given that hTid-1 L and hTid-1 S are localized to the mitochondrial matrix and are homologs of a Drosophila tumor suppressor, we tested whether expression of these proteins could affect apoptosis. We created a series of U20S cells lines that express either wild-type hTid-1 L or hTid-1 S , or J domain mutants of these proteins (H121Q L or H121Q S , respectively) from a muristerone-inducible promoter (Fig. 3A) . This mutation of a highly conserved histidine residue is known to abrogate J domain-mediated activation of Hsp70 proteins in other systems (26, 27) . Because these mutations should not affect the ability of the protein to interact with substrate, they are predicted to act as dominant-negative forms of hTid-1 L and hTid-1 S . The inducible system allowed for some basal expression of our hTid-1 constructs in the absence of muristerone, but induction of protein expression in these cells with muristerone produced protein levels Ϸ5-to 10-fold above basal expression levels. On protein induction, no cytoplasmic hTid-1 proteins were detected, demonstrating that all induced proteins are targeted to the mitochondria. Induction of expression of protein per se did not elicit any detectable apoptosis in any of the four cell lines. However, when these cell lines were treated with either the DNAdamaging agent MMC or TNF␣, the cell line expressing hTid-1 L showed markedly increased levels of apoptosis relative to control cells, whereas cells expressing the J domain mutant of hTid-1 L (H121Q L ) showed decreased levels of apoptosis compared with control cells (Fig. 3 B and C) . In contrast, cells expressing hTid-1 S showed decreased levels of apoptosis relative to control cells, whereas cells expressing the corresponding J domain mutant (H121Q S ) showed increased levels of apoptosis. The various hTid-1 constructs had the greatest effects on enhancing or repressing an apoptotic response when protein was induced with muristerone. However, a more modest effect was also seen in the absence of protein induction. We attribute these effects to basal expression from the inducible promoters (Fig. 3A) . Similar results were obtained with multiple independent U2OS cell lines expressing each of the four forms of hTid-1. In addition, a similar pattern of apoptosis modulation was observed in transient-transfection experiments with U2OS cells (data not shown).
These results show that the two splice variants of TID1 have opposing effects on apoptosis. hTid-1 L has proapoptotic activities, whereas hTid-1 S has antiapoptotic activities. Significantly, these activities are J domain-dependent, because a mutation that is known to abrogate J domain-mediated activation of Hsp70 proteins in other systems (26, 27 ) is able to reverse the effects of the wild-type proteins, most likely by interfering with the activities of mitochondrial substrates that play important roles in propagating apoptotic signals. More specifically, we propose that because each of the mutant proteins has a different effect on apoptotic responses, each of the wild-type splice variants must have distinct cellular substrates and activities.
hTid-1 L and hTid-1 S Affect Cytochrome c Release and Caspase 3 Activation but Do Not Affect Caspase 8 Activation.
The finding that hTid-1 L and hTid-1 S can modulate apoptotic signal transduction at the cellular level in response to diverse stimuli led us to examine biochemical markers to localize the effects to the mitochondria and its known downstream targets. In TNF␣ signaling, pro-caspase 8 is cleaved and activated at the TNF␣ receptor complex (28) . Active caspase 8 cleaves Bid, which then localizes to the mitochondria and elicits a proapoptotic response, including the release of cytochrome c (29, 30) . Caspase 8 is therefore upstream of the mitochondria. Cleavage and activation of pro-caspase 3 is regulated by the release of cytochrome c from the mitochondria (13, 20, 21, 31) and is thus downstream of the mitochondria. Therefore, we examined the extent of pro-caspase 8 and pro-caspase 3 cleavage and activation in the four hTid-1-inducible cell lines on treatment with TNF␣ by immunoblot and fluorogenic activity assays (Fig. 4 A  and B) . We found that cleavage and activation of pro-caspase FIG. 2. hTid-1L and hTid-1S are localized to the mitochondrial matrix and form complexes with mtHsp70. (A) U2OS cells were homogenized, and mitochondria were isolated. Mitochondria were swelled in hypotonic buffer to burst the outer mitochondrial membrane. Samples went untreated or were treated with proteinase K before or after sonication, which disrupts the mitochondrial inner membrane. Samples were analyzed by immunoblot for the presence of matrix-localized mtHsp70, hTid-1, and the mitochondrial inner membrane protein COx2. COx2 is digested before sonication, indicating that the inner mitochondrial membrane is exposed to protease. hTid-1 L, hTid-1S, and mtHsp70 are only digested when proteinase K is added after the mitochondrial inner membrane is disrupted by sonication. (B) Digitonin extraction of mitochondrial proteins. Mitochondria were isolated from SAOS-2 cells and treated with the indicated amount of digitonin. The intermembrane space protein cytochrome c (cyto. c), and the integral inner membrane protein COx1 are extracted from the mitochondria, whereas hTid-1L and hTid-1S are held in the pellet by a digitonin-resistant membrane. (C) Endogenous hTid-1L and hTid-1S coimmunoprecipitate with mtHsp70. Immunoprecipitation experiments were performed from U20S cells by using mAbs specific for either hTid-1, mtHsp70, or Hsc70. Immune complexes were analyzed by SDS/PAGE and Western blot with hTid-1-, mtHsp70-, or Hsc70-specific mAbs.
8 occurs at similar levels in the four cell lines. However, pro-caspase 3 was cleaved and activated more efficiently in the cell line expressing hTid-1 L than in control cells and less efficiently in the H121Q L lines than in control cells. In contrast, hTid-1 S -expressing cells showed decreased cleavage and activation of pro-caspase 3 relative to control cells, whereas the lines expressing H121Q S showed increased activation of procaspase 3. Expression of hTid-1 proteins does not interfere with the normal turnover of pro-caspase 3 or 8, because their half-lives are similar in cells treated with cycloheximide alone (data not shown). These results indicate that expression of hTid-1 L and hTid-1 S affect apoptosis downstream of caspase 8 and upstream of caspase 3, which is consistent with a role as mitochondrial modulators of apoptosis.
We next examined the rate of cytochrome c release from mitochondria on treatment with TNF␣ in the four inducible cell lines (Fig. 4C) . Immunoblot analysis of cytoplasmic extracts of cells treated with TNF␣ indicate that more cytochrome c is released from the mitochondria of cells expressing hTid-1 L or H121Q S during apoptosis than control cells. In contrast, mitochondria from cells expressing hTid-1 S or H121Q L release less cytochrome c than control cells. These results are consistent with the effects seen at the level of cell death and caspase 3 activation and further localize the activity of TID1-encoded proteins to the mitochondria.
To date, specific mitochondrial factors implicated in apoptotic function have been localized to either the outer or inner mitochondrial membrane, the intermembrane space, or part of a membrane-bound complex.
hTid-1 L and hTid-1 S represent a class of mitochondrial matrix-localized proteins able to modulate this process. The opposing effects of the splice variants suggest a possible regulatory mechanism in which the relative abundance of hTid-1 L and hTid-1 S, or their cellular substrates, enable the mitochondria to either amplify or dampen apoptotic signals. Because expression of dominant-negative forms of hTid-1 L and hTid-1 S specifically dampen and enhance apoptotic responses, respectively, we suggest that each of the wild-type proteins has specific substrates and activities. Hence, hTid-1 S is not simply a dominant negative form of hTid-1 L , but rather a protein with discrete activities and substrates. In addition, the different activities of the mutant splice variants rule out titration of a common binding partner, such as mtHsp70, as a mechanism of action.
The mechanism underlying the l(2)tid hyperproliferative phenotype is unclear. However, the emergence of mitochondria as regulators of apoptosis suggests that the l(2)tid imaginal disc tumors may result from a defect in mitochondrial control of apoptosis. TID1 is a highly conserved human homolog of l(2)tid and encodes two splice variants that exhibit opposing effects of apoptosis.
Hence, we propose that hTid-1 L and hTid-1 S modulate apoptotic effector structures in the inner mitochondrial membrane, such as components of the permeability transition pore, which is regulated by the proapoptotic Bcl-2 family member Bax (25) , or the F0F1 ATPase, which is implicated in Baxmediated cell death (32) . Alternatively, hTid-1 L and hTid-1 S may be part of an intramitochondrial signaling pathway that integrates disparate apoptotic initiating stimuli.
